Thyroidectomies were performed through a flank incision and uterotomy on five fetuses of 1-4-year-old Columbia and Columbia Suffolk date-bred ewes of 90-1 1 0 days gestation. The fetuses were killed 19-43 days post-thyroidectomy. Body and organ weights, limb roentgenograms, DNA, RNA, and protein concentrations of selected tissues, cerebral and cerebellar lipid concentrations, and cerebellar cerebroside fatty acid composition were measured and compared with similar measurements in control animals. In the thyroidectomized fetuses mean carcass and lung weights were significantly reduced and wool development was consistently delayed. Extremity x-rays showed a delay in the time of appearance and a decrease in the size of epiphyseal centers. The mean DNA concentration was low in muscle tissue; mean protein concentrations were reduced in cerebellum, heart, lung, thymus, and muscle tissues, while mean total lipid concentration was low in cerebral tissue; the percentage of 18-carbon fatty acids was significantly increased in cerebellar cerebrosides. These results indicate that thyroid hormone deficiency, present during the last trimester of gestation in the ovine fetus, impairs carcass and lung growth, delays bone and skin maturation, inhibits growth in cell size in heart, lung, thymus, and cerebral tissues, and delays myelination in the central nervous system (CNS).
The present results, considered with results of other investigations of the effects of thyroid hormone deficiency in fetal and newborn mammals, indicate that hypothyroidism impairs somatic growth, delays bone growth and maturation, delays cell growth and replication in the CNS, and inhibits CNS myelination. The critical period for these effects varies in different species. In the rat this period is postnatal, whereas in the sheep it extends into the third trimester of pregnancy. During pregnancy, carcass growth, bone maturation, and lung maturation are most affected in the sheep; CNS changes are minimal. In man fetal hypothyroidism may produce some delay in bone maturation but somatic growth retardation and signs and symptoms of hypothyroidism are not usually present a t birth. Moreover, as in the sheep, any delay in CNS maturation probably is minimal in utero, since very early postnatal treatment minimizes mental retardation. Thus early diagnosis and treatment of hypothyroidism is necessary and consideration of the possibility of newborn screening would seem appropriate. 19, 23) . Therefore, it is possible that thyroid hormones are not necessary for normal fetal somatic growth. The effect of intrauterine hypothyroidism on CNS growth and maturation also is not entirely clear. Thus we have conducted studies of body and organ growth and thyroid hormone kinetics in the fetal sheep after thyroidectomy. The kinetic studies, described elsewhere (141, indicated that fetal serum levels of both thyroxine (T4) and triiodothyronine ( T 3 ) are unmeasurable soon after fetal thyroidectomy and that the athyrotic fetus receives minimal quantities of maternal thyroid hormones across the placenta. The present report includes data regarding the effects of fetal thyroidectomy on somatic and organ growth, o n RNA, DNA, and protein concentration of various organs, and o n brain lipid concentration and composition.
MATERIALS AND METHODS
Columbia and Columbia Suffolk date-bred ewes, 1-4 years old, were obtained from a local osource, maintained at environmental temperatures of 57-85 F , and given free access t o alfalfa and water. Under spinal anesthesia through a flank incision uterotomy was performed on five ewes of 90-1 10 days gestation. Four of these were carrying singleton fetuses; one was carrying a twin fetus. No more than three cotyledons were lost at the time of surgery. The fetal neck was isolated, exposed, and thyroidectomy performed. Four animals had repeat uterotomies performed 25-30 days post-thyroidectomy for catheter placement. Maternal and fetal blood oxygenation and pH were monitored during surgery and remained normal. All ewes were feeding within 2 hours of completion of surgery and maintained their weight and general health postoperatively. Between 119 and 140 days gestation (1 9-43 days post-thyroidectomy) the five animals were killed and an autopsy performed o n each fetus. After weighing each organ, the tissue was quick-frozen and stored at -4 . Bodv and organ weights of selected organs were plotted against normal values derived from 60 ovine fetuses, the gestational ages of which ranged from 9 0 t o 150 days and o n which surgical procedures had been performed for various reasons (31); none was performed for the purpose of inducing intrauterine growth retardation. The RNA, DNA, and protein concentration of muscle, liver, spleen, kidney, heart, cerebrum, cerebellum, thymus, and lung tissue of the thyroidectomized fetuses were compared with similar data obtained from eight control singleton fetuses which were matched for gestational age (23 days) and sex at the time of killing. The weight of the control fetuses fell within the 1 SD range for age of the larger group of 60 normal fetuses. Roentgenograms of It is well known that the athyrotic human fetus at birth all four extremities were taken soon after killing and compared shows n o evidence of somatic growth retardation, although with films obtained from control fetuses of similar gestational osseous development may be retarded (2) . In addition, it has age. Tissue protein was determined by the method of Lowry et been established in a number of species, including man, that al. (28) , DNA by the method of Burton (7), and RNA by the piacental transfer of iodothyronines is minimal (1 1, 12, 17, method of Webb (39) . Serum T4 and T j concentrations were 784 ERENBERG ET AL. measured by radioimmunoassay (RIA) methods developed in our laboratories (9, 10) . Serum thyroid-stimulating hormone (TSH) was measured in a heterologous RIA using a bovine TSH antiserum, labeled bovine TSH, and an ovine TSH standard (NIH-S6). The method is similar t o that of Reichlin e t al. (34) .
Cerebral and cerebellar lipids were extracted with 2 0 volumes chloroform-methanol (211, v/v). The extract was washed with 0.2 volume water and the organic phase evaporated t o dryness. Total lipid content was determined gravimetrically o n aliquots using a Kahn microbalance. The dried lipids were taken up in chloroform and separated into their major classes by thin layer chromatography using chloroform-methanol-water (65/25/4, v/v/v) as the developing solvent. Total lipid phosphorus was determined by the method of Bartlett (6) and cholesterol b y the method of Friede and Hu (18) . Cerebrosides and sulfatides, as separated by thin layer chromatography, were quantitated by their hexose content as described in a previous publication (1 5) .
Cerebroside fatty acid methyl esters were obtained by methanolysis of cerebrosides in dry hydrochloric acid as described b y Stein e t al. (36) . The fatty acid methyl esters were assayed by gas-liquid chromatography using a Barber Coleman 5001 gas chromatography apparatus and a column of acid-washed Chromosorb W (80-100 mesh) as support and 15% diethylene glycol succinate as stationary phase. The column was operated at 200 and 15 pounds argon pressure. Known fatty acid standards were analyzed simultaneously. Table 1 lists the estimated gestational age at the time of thyroidectomy and estimated gestational age, fetal weight, and fetal serum T 4 and T 3 concentrations at autopsy 19-43 days after thyroidectomy. There was a fall in serum T 4 levels from a mean of 12 ,ug/100 ml at the time of thyroidectomy t o a mean of less than 0.7 yg/100 ml at the time of autopsy. Serum T3 levels were unmeasurable before and after thyroidectomy. Serum TSH concentrations rose from control values of less than 10 yU/ml t o values of 300 t o 1500 pU/ml at the time of killing. There was no remaining thyroid tissue in any fetus at autopsy by gross inspection. ' T, : thyroxine; T, : triiodothyronine; TSH: thyroid-stimulating hormone Normal range 4.5-12 pg/100 ml.
RESULTS
Normal range < 20 pU/ml. Figures 1, 2, and 3 show the body weights, lung weights, liver weights, kidney weights, brain weights, and heart weights of the thyroidectornized fetuses plotted relative t o the 2 SD range of the 60 normal fetuses of 90-150 days gestation (31) . The thyroidectomized fetuses lacked normal wool development, striated muscle seemed friable at autopsy, and there was a paucity of subcutaneous fat. All fetuses tended t o be small; however, the body weights of two fell into the low normal range. All organ weights were within the normal range except for the lungs. Table 2 presents the wet weight, RNA and DNA content, protein t o DNA ratio, and protein concentration data for various organs of the five thyroidectornized and eight control fetuses. The lungs were the only organs whose mean weight fell outside the normal range; however, muscle mass was not weighed. The RNA concentrations of respective tissues were similar in thyroidectomized and control fetuses. The mean DNA concentration was reduced only in muscle of the thyroidectomized animals. Mean protein concentrations were reduced in cerebellum, heart, lung, thymus, and muscle tissues of thyroidectomized as contrasted with control fetuses. The mean protein t o DNA ratio was significantly reduced only in lung tissue of thyroidectomized fetuses.
Carcass weights were calculated by subtracting the organ weights from total body weight and assuming that relative intestine weights were similar in the fetuses studied. The mean calculated carcass weight was significantly less in the thyroidectomized fetuses than in controls (1.76 kg f 0.22 versus 2.50 kg f 0.33, P < 0.05). Mean measured body lengths and the mean forefoot and hindfoot lengths were similar in thyroidectomized and control fetuses. decrease in the size of t h e limb epiphyseal centers, and a sulfatides in cerebrum and cerebellum of the thyroidectomized sclerotic appearance of the long bones. and control fetuses. The cerebral total lipid concentration was ' Values recorded as percentage of total fatty acids.
Values significantly different, P < 0.05.
3Value~ significantly different, P < 0.01.
significant difference between the two groups in the proportions of the individual lipid fractions. The total lipid content also was reduced, although not significantly, in cerebellar tissue of the thyroidectomized fetuses; again the proportions of the individual lipid components were similar in both groups. Table 4 lists the fatty acid composition of cerebrosides in cerebellar tissue of thyroidectomized and control fetuses. The percentage of C I 8 fatty acids (stearic acid, 18:0, and oleic acid, 18: 1) was significantly elevated in the thyroidectomized compared with the control fetuses; the percentage of Czs fatty acids (lignoceric acid, 24:O; and nervonic acid, 24: 1) was lower in the athyrotic than in the control fetuses, but the difference was not significant (P" 0.09).
DISCUSSION
After thyroidectomy, the ovine fetus rapidly becomes hypothyroid as evidenced by unmeasurable serum T4 and T, levels 5 days after thyroidectomy (0.7 yg/100 ml and <18 ng/lOO ml, respectively) and elevated serum TSH concentrations (300-1,500 yU/ml) 1 month after thyroidectomy (14) . Calculated net transfer of maternal thyroid hormones across the placenta amounted t o only about 7% of the daily fetal iodothyronine turnover measured in the normal fetus (14) . In similar studies Hopkins and Thorburn (24) also found very low levels of serum T4 in the thyroidectomized ovine fetus, and also have concluded that the ovine placenta is essentially impermeable t o maternal T4 (23) .
All of the thyroidectomized fetuses were at or below the 3rd percentile for weight, Although either one or two incisions were made into t h e uterus at the time of uterotomy, no more than 3 of t h e 40-50 cotyledons normally present were lost during surgery and the loss of amniotic fluid was minimal. Thus placental blood flow and substrate supply t o the fetus probably were not seriously affected, but measurements of these parameters were not conducted. In addition, all organ weights, except for the lungs, were similar in the thyroidectomized and control animals. The major reduction in weight was in the carcass, presumably including both muscle and bone. However, since we did not measure bone and muscle weights separately, it is not entirely clear whether the reduction in growth affected muscle or bone preferentially or whether both bone and muscle weights were reduced.
Both DNA and protein concentrations were reduced significantly in muscle tissue from the thyroidectomized fetuses and the protein t o DNA ratio was normal (Table 2 ). These observations could be explained either by a decreased number of muscle cells, by an increased volume of muscle cell water, or both. Inasmuch as other tissues from the thyroidectomized fetuses demonstrated decreased protein in association with normal total DNA concentrations and RNA concentrations were normal in all tissues, it is unlikely that the total body water was increased in the thyroidectomized fetuses. Decreased protein concentration has been observed in muscle tissue of human cretins in association with a reduction in number of muscle cells (8) .
All other measured tissues of the thyroidectomized fetuses had DNA concentrations similar t o control animals, which indicates that cell number was normal for age in these tissues. However, the protein concentration was reduced in several tissues, including cerebellum, heart, lung, thymus, and muscle of the thyroidectornized fetuses (Table 2) . Although the protein t o DNA ratio was reduced significantly only in the lung, t h e data suggest that cell size was reduced somewhat in all of these tissues. The marked reductions in weight, protein concentration, and protein t o DNA ratio in lung tissue of the thyroidectomized fetuses suggest that growth of the ovine fetal lung is dependent on iodothyronines during the last trimester of gestation. Two recent reports have suggested that thyroxine may increase lung surfactant activity in rats and rabbits near term (33, 40) , but surfactant activity was not investigated in the present study.
The present results are in agreement with data of Liggins and Kennedy (27) who noted a reduction in birth weight of ovine fetuses with electrocoagulated pituitary glands. Growth deficiency in such fetuses was most marked when the operation was performed early in pregnancy. The thyroid glands of these fetuses were smaller than those of control twin or triplet fetuses, but the extent of impairment of thyroid hormone and growth hormone secretions was not clear. Growth retardation also has been reported by Kerr et al. (25) in rhesus monkey fetuses made hypothyroid by 1 3 ' 1 injections to the mother near rnidgestation. The skin changes in our fetuses were similar t o those of Hopkins and Thorburn (24) , who reported that thyroidectomy of the ovine fetus during the last trimester significantly impairs wool growth.
It is well known that iodothyronines are necessary for normal maturation of the CNS (3, 13, 22, 3 0 , 3 5 , 37 ). In the present study cerebral and cerebellar weights were similar in athyrotic and control animals, as were cerebral and cerebellar DNA concentrations. However, the protein concentration of cerebellar tissue in the athyrotic fetuses was reduced. There was a tendency t o reduction in protein concentration in cerebral tissue as well, but this was not statistically significant. Thus brain weights and brain cell numbers were statistically normal in the thyroidectomized fetuses although there was the suggestion of a decrease in cerebellar cell size. Moreover, the reduction in total lipid concentration of cerebral tissue and the increase in cerebellar C1 fatty acids associated with the tendency t o decreased longer chain ( C Z 4 ) fatty acids suggests that cerebellar myelination was significantly impaired in the hypothyroid fetuses. Barlow (4) has outlined in great detail the morphogenesis of t h e fetal ovine nervous system, dividing development into seven stages, with each region of the central nervous system having its own time table of development. In the cerebrum cell proliferation and differentiation begins between 40 and 70 days gestation and in the cerebellum between 47 and 8 0 days. Lipid importation, myelination, and maturation of myelin normally begin at about 70, 100, and 140 days, respectively, in the cerebellum (4) . The observation in the present study of a slight reduction in cerebellar cell size, brain total lipid, and cerebellar myelination is consistent with the fact that fetal hypothyroidism was induced during the last trimester. Inasmuch as the ovine fetal thyroid begins t o function at about 50 days gestation ( 5 ) and the fetuses were presumably euthyroid between 5 0 and 90-110 days, the extent of thyroxine dependence of early ovine fetal brain development is not clear. However, the present data are in general agreement with an earlier report of Grippo and Menkes (21) which showed that fatty acid elongation was reduced in rats made hypothyroid at birth. These authors suggested that iodothyronines may stimulate the brain microsomal-fatty acid elongation system involved in the synthesis of saturated fatty acids characteristic for myelin lipids. Other studies in the hypothyroid neonatal rat also have demonstrated a decreased synthesis of myelin lipids (38) .
Iodothyronines appear t o stimulate protein synthesis in immature brain through an effect on RNA metabolism. Sokoloff (35) , who studied the effects of thyroxine on infant rat brain mitochondria, suggested that the hormone produces a substance which enhances the transfer of soluble RNA-bound amino acid into microsomal protein. Gomez and coworkers (20) have shown that in a 10-day-old hypothryoid rat there is a depression of nuclear "rapidly labeled" and microsomal RNA in the brain; these results were assumed t o be caused by altered transport of ribosomal RNA from the nucleus t o microsomes. Recent data of Muzzo and Brasel (29) , which indicates that thyroxine deficiency does not prevent but only delays cell growth and replication in newborn rat brain, may explain why some of these effects are reversible with therapy. In the human infant Klein e t al. (26) have recently shown that very early treatment of hypothyroidism will minimize the degree of mental retardation.
Finally, the present study confirms that the fetal skeletal system is quite sensitive t o iodothyronine deficiency during the last trimester of gestation. Thyroid hormone deficiency during this time results in delayed ossification of limb epiphyseal centers. Studies in hypothyroid fetal monkeys (25) and fetal sheep (24) have shown similar results. The mechanism for this delay is not entirely clear; it might be secondary, in part, t o the relative decrease in body weight (19) . Since all of the fetal ovine parathyroid glands are not located within the thyroid gland, the fetal thyroidectomy should not produce parathyroid hormone deficiency. A deficiency of thyrocalcitonin might be expected (32) , but the role of this hormone in the fetus has not been studied. Because thyrocalcitonin does not cross the placenta (1) and fetal plasma levels of calcium and phosphorus were identical and greater than maternal levels in both athyrotic and euthyroid animals studied by Hopkins and Thorburn (24) , it is doubtful that thyrocalcitonin plays a significant role in the skeletal changes seen in the athyrotic fetus. It is possible that growth hormone deficiency might impair fetal skeletal maturation and Linear bone growth; however, growth hormone levels in athyrotic ovine fetuses have been shown t o exceed values found in euthyroid controls (1 19 versus 6 0 ng/ml) (24) .
SUMMARY
Five ovine fetuses were thyroidectomized at 90-1 10 days gestation. Within 1 week post-thyroidectomy, serum T4 concentrations had fallen t o <0.7 pg/100 ml. Nineteen t o 4 3 days post-thyroidectomy, the animals were killed and an autopsy performed. Mean body weight and lung weight were reduced significantly in the thyroidectomized fetuses, as contrasted with control animals. Mean DNA concentration was lower in muscle; the mean DNA t o protein ratio was lower in lung, and the mean protein concentration was decreased in cerebellar, heart, lung, thymus, and muscle tissues of hypothyroid fetuses. The mean total lipid concentration was reduced in the cerebrum, and C1 cerebellar cerebroside fatty acids were relatively increased in the thyroidectomized fetuses. Finally, long bone epiphyseal centers were smaller and decreased in number in the athyrotic fetuses and the long bones had a sclerotic appearance.
These results suggest that thyroid hormone deficiency, present during the last trimester of intrauterine development of the ovine fetus, impairs carcass growth (probably by inhibiting cell replication), delays bone and skin maturation, inhibits growth in cell size in heart, lung, thymus, and cerebral tissues, and delays CNS myelination.
